Background: This study aims to clarify the prognostic role of epidermal growth factor receptor (EGFR) mutations in plasma of non-small cell lung cancer (NSCLC) for resistance to tyrosine kinase inhibitor (TKI), in correlation with clinical characteristics. A total of 94 Adenocarcinoma, clinical stage IV NSCLC patients with either E19del or L858R mutation were admitted to the prospective study from Jan-2016 to Jul-2018. EGFR mutations in plasma were detected by scorpions ARMS method. The Kaplan-Meier and Cox regression methods were used to estimate and test the difference of progression-free survival (PFS) and overall survival (OS) between groups. The prognostic power of each factor was appraised by the Bayesian Model Averaging (BMA) method.
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Background
Treatment with epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor (TKI) such as Erlotinib or Gefitinib helps to prolong the progression-free survival (PFS) time, increase the response rate, and minimize the side effects compared to standard chemotherapy treatment for non-small cell lung cancer (NSCLC) patients who carried the activating EGFR mutations (deletions in exon 19-E19del, and L858R substitution mutation in exon 21) [1, 2] . Regrettably, most of that patients tend to be resistant with this TKI therapy after 9-15 months of treatment [3] . Intensive studies in the last decade have shown that various reasons were associated with acquired resistance to the first-and second-generation TKI, in which the secondary Threonine-790-Methionine substitution mutation (T790M) in exon 20 of the EGFR gene is the most common cause of TKI resistance (50-60%) [3] .
Patients with this acquired mutation will be switched to the treatment with third-generation TKI such as Osimertinib which now is a standard therapy with higher efficiency compared to Erlotinib or Gefitinib, and chemotherapy [4, 5] . For monitoring the EGFR mutation status after treatment, especially the occurrence of the secondary T790M mutation, the tumor tissue samples from rebiopsy procedures are needed. However, it is difficult to perform biopsy repeatedly on the same patient. This procedure is not always successful [6, 7] . In these circumstances, the cell-free DNA (cfDNA) in plasma may serve as the surrogate sample with advantages of less invasion, fasting method, and convenient uses.
Previous studies have shown that EGFR mutation in general, and secondary T790M mutation can be detected in the plasma of resistant patients with high prevalence [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , and even be detected earlier than the disease progression [11, 14, 15, 21] . In the other context, the EGFR mutations in plasma also shown to be a prognostic factor for NSCLC patients treated with EGFR TKI, however with the contrary results. Some studies demonstrated that patients with positive-mutation in plasma at the baseline have a longer overall survival (OS) and progression-free survival (PFS) time compared to those of negative-result [22] [23] [24] [25] . Contrariwise, other studies indicated that the De novo EGFR mutation in plasma is a poor prognostic factor for PFS and OS [21, 26, 27] . Whereas, the maintained positive status of EGFR mutation in plasma after treatment with EGFR TKI is also the worse factor for survival [13-15, 28, 29] . In the same way, the role of secondary plasma-T790M mutation in prognosis for NSCLC patients also was mentioned in previous studies with opposite opinions [9, 14, 15, 17, 19] . While the studies of Sueo-Aragane et al. [14] , Zheng et al. [15] , and Zhang et al. [17] shown that the occurrence of T790M in plasma after TKI treatment is the worse prognostic factor for OS and PFS, Sakai et al. [9] only noted this prognostic role of T790M in the patient group under 65 years old. Conversely, Wang et al. showed superior survival in the T790M positive group [19] . Moreover, most of these studies presented the prognostic role of EGFR plasma mutation in univariate analysis. Only studies of Zheng et al. and Wang et al. [15, 19] used the multivariate analysis, but with the different trend of prognosis. Our study aims to monitor the EGFR mutation status and the occurrence of T790M mutation in plasma of NSCLC patients after TKI treatment, subsequently, clarify the prognostic role of EGFR in general and secondary T790M mutation in correlation with clinical characteristics.
Methods

Patients and treatment evaluation
A total of 94 Adenocarcinoma, stage IV NSCLC patients (including 33 newly diagnosed cases) with either E19del or L858R mutation who were treated with Erlotinib or Gefitinib were selected for this study from January 2016 to July 2018 at Cho Ray hospital (approved by the Ethics Committees of Cho Ray hospital, reference number 602/2016 CN-HDDD). Patients were asked to participate in the study and informed in the consent form. Treatment evaluations were done every 2 months, based on the RECIST v1.1 criteria [30] . The progression-free survival was defined from the date of TKI treatment initiation to the date of first observation of progressive disease (PD). The overall survival was recorded as the time from disease diagnosis to death. By the end of July 2018, 28 patients had been being the stable disease (SD) or partial response (PR) with EGFR TKI, 66 patients developed clinical progression (20 cases from the newly diagnosed group and 46 cased from the on-treatment group) (Fig. 1) . Of which resistant patients, 33 cases died after progression 1.3-21.5 months while 22 cases were lost to follow-up. The remained 11 resistant cases have been switched to chemotherapy, radiotherapy, or continued with EGFR TKI in combination with chemotherapy and/ or radiotherapy.
Sample collection and cfDNA extraction
The peripheral blood samples (5 mL, conserved in the EDTA tube) were collected at baseline (for 33 patients), every 2 months during the treatment process, and the progressive disease. Total of 236 blood samples from 94 patients was used for this study. Blood samples were centrifuged twice at 2000×g/4 °C/10 min and 12,000×g/4 °C/10 min to collect ~ 2 mL plasma. The cfDNA was extracted from 2 mL plasma by using kit QIAsymphony DSP Circulating DNA (Qiagen, Hilden, Germany) according to the instruction of the manufacturer. Briefly, 2 mL plasma was blended with 110 µL proteinase K, 110 µL magnetic particle solution, and 1780 µL biding buffer, then mixed by rod cover for 15 min. The particle-cfDNA complexes were selected by magnetic column and transferred to new wells and washed twice with QSW8 and QSW9 washing buffer, respectively. The cfDNA was eluted in 60 µL AVE buffer, and stored at − 80 °C until uses. All the above extraction steps were performed by automated QIAsymphony machine (Qiagen, Hilden, Germany).
EGFR mutation detection and cfDNA quantification
EGFR mutations in plasma were detected by scorpions ARMS method, the Therascreen EGFR Plasma RGQ PCR kit, performed on the RotorGene Q 5Plex HRM platform (Qiagen, Hilden, Germany). Three EGFR mutation types assigned in this study were T790M (the acquired resistant mutation), E19del and L858R (the two activating mutations that are sensitive to EGFR TKI). The EGFR exon 2 was used in PCR reactions as reference gene (control reaction mix). Polymerase chain reactions (PCR) were prepared by mixing 5 µL cfDNA with 19.5 µL control reaction mix or mutation mix (E19del, T790M, L858R), and 0. For cfDNA quantification, the human control DNA sample at 10 ng/µL (Qiagen, Germany) was used for dilution series of 10 ng/µL, 1 ng/µL, 0.1 ng/µL, and 0.01 ng/ µL which were used in PCR assays with control reaction mix to build the standard curve. Parallel with each time of EGFR mutation testing, the concentration of cfDNA (ng/mL plasma) was reported.
Statistical analysis
The Chi square or Fisher's exact test, and Kruskal-Wallis rank test were used to compare the relative frequencies and cfDNA concentration between groups, respectively. The Kaplan-Meier statistical method was used to construct survival curves and calculate the median PFS and OS for EGFR mutation status, secondary T790M mutation status, and groups of clinical characteristics as the prognostic factors for resistance and death. The Cox regression model analysis with uni-and multivariate were used to compare the PFS and OS time between groups and calculate the hazard ratio (HR) with 95% confidence interval. Prognostic power of EGFR plasma mutation test and other clinical characteristics as confounders in the prediction model were assessed by the Bayesian Model Averaging (BMA) statistical method. All data analysis was performed on the R statistical software 
Results
Patient characteristics
Total of 94 Adenocarcinoma, clinical stage IV NSCLC patients with only E19del (61 cases, 64.9%) or L858R mutation (33 cases, 35.1%) at baseline had been enrolled in this study. Patients were categorized into two groups: the newly diagnosed group (n = 33) with available results of EGFR plasma test at baseline; and the on-treatment group (n = 61) who had been diagnosed before enrollment in the study. The characteristics of patients were presented in Table 1 . The median age of all patients was 61 (32-89 years old). Among 94 cases, 53 cases (56.4%) were female and 41 cases (43.6%) were male patients.
In clinical assessment, 77 cases (81.9%) were scored 0-1 with the criteria of Eastern Cooperative Oncology Group performance status (ECOG PS) while 17 cases (18.1%) with serious conditions were scored ≥ 2. Most of the patients have the tumors in right lung (71 cases, 75.5%) with tumor size larger than 3 cm (77 cases, 81.9%), and distant metastasis sites (M1b: 61 cases, 64.9%). The brain, bone, liver metastasis, and pleural effusion at baseline were recorded in 27 (28.7%), 39 (41.5%), 19 (20.2%) and 31 (32.9%) patients, respectively. Of 33 newly diagnosed patients, EGFR mutations were found in plasma samples of 16 cases (48.5%), including 13 cases with E19del mutation and 3 cases with the L858R mutation. The remaining 61 cases only have the mutation data (E19del or L858R) in tumor tissue samples at baseline. Until participation in the study, all of 61 cases had been being treated with Erlotinib or Gefitinib ≤ 6 months and archived good responses.
Organ metastasis and EGFR mutation status after TKI treatment
Of 94 cases, 55 cases (58.5%) were treated with Erlotinib (150 mg/day) or Gefitinib (250 mg/day) alone while 22 cases (23.4%) were treated with Erlotinib or Gefitinib after surgical treatment with or without chemotherapy, and 17 cases (18.1) were treated with Erlotinib/Gefitinib after chemotherapy and/or radiotherapy (Table 1) . By the end of July 2018, 28 cases still archived partial response or stable disease while 66 cases had developed clinical progression. The last records showed that brain, bone, liver metastasis, and pleural effusion occurred in 17 (18.1%), 32 (34.0%), 25 (26.6%) and 26 (27.6%) patients, respectively. New metastasis sites were observed in 37 (39.4%) patients.
Plasma of 28 patients with partial response or stable disease is still negative for EGFR mutations. Among 66 resistant patients, EGFR mutations were found in the plasma of 57 cases (86.4%) (16/20 resistant cases from the newly diagnosed group) which is higher than the data of pre-treatment (48.5%). The pooled mutation rate at post-treatment is 60.6% (57 of 94 patients). Mutations were more frequently detected in ≥ 61 years old (34/48, 70.8%) compared to < 61 years old group (23/46, 50.0%) (P = 0.039), in pre-positive patients (11/16, 68.7%) compared to pre-negative patients (5/17, 29.4%) (P = 0.014), and in patients developed bone metastasis after treatment (24/32, 75.0%) compared to remain group (33/62, 53.2%) (P = 0.041).
The secondary T790M mutation was found in 32 of 66 resistant patients, equivalent to the mutation rate of 48.5%. This data in the newly diagnosed group is 45.0% (9/20 resistant cases). Resistant patients with the E19del mutation have a higher rate of T790M (23/38, 60.5%) compared to patients with L858R mutation (9/28, 32.1%) (P = 0.023). Although with not statistically significant, the T790M mutation was observed more frequently in female patients (55.3%), in groups of baseline plasma positive for EGFR mutations (63.6%), bone metastasis (60.0%), and baseline liver metastasis (60.0%) compared to others.
Interestingly, we found that 17 of 66 resistant patients (25.8%) have the occurrence of EGFR mutations in plasma earlier than the progression time point. Of these 17 patients, 10 cases (58.8%) carried T790M mutation. The median time of early detection was 2.1 (ranging from 0.6 to 7.9) months.
The median cfDNA concentration in plasma of posttreatment was 183 (95% CI 134-231) ng/mL plasma. These values of resistant patients and PR + SD group were 199 (95% CI 154-295) and 115 (95% CI 75-215) ng/ mL plasma, respectively (P = 0.009). Patients with positive mutations at post-treatment have the higher cfDNA concentration (196 ng/mL plasma) compared to others (126 ng/mL plasma) but not with significant difference (P = 0.094).
Progression-free survival between groups and prognostic factors for resistance
The median PFS for all patients in this study was 12.9, 95% CI 11.0-14.2 months. The median PFS for subgroups of EGFR mutation status, clinical characteristics and hazard ratios were estimated and shown in Table 2 .
Univariate analysis has shown that patients with the occurrence of EGFR mutations in post-treatment plasma have the shorter PFS (11.1 months) as compared to EGFR negative patients (not reached), HR = 3.58, 95% CI 1.77-7.25 (P < 0.001) (Fig. 2a) . Likewise, patients with secondary T790M mutation in plasma have the shorter PFS (10.0 months) compared to those of the negative group (13.8 months) (P = 0.008) (Fig. 2c) . In addition, brain metastasis after treatment (Fig. 2e) and new metastasis site (Fig. 3a) are also two predictive factors for shortening of PFS in NSCLC patients treated with EGFR TKI, HR = 2.38 (P = 0.005), and 2.51 (P < 0.001), respectively. In further analyses with data of the newly diagnosed group, the similar results were obtained (Figs. 2b, d, f, 3b ). Patients treated with TKI after surgery have the longer PFS (14.8 months) compared to those of TKI alone (12.1 months) or TKI and chemo-/radiotherapy (11.1 months), but not with statistically significant (P = 0.051). No differences in PFS between groups of other characteristics were observed (Table 2) . Multivariate analysis has shown that EGFR mutation status in post-treatment plasma with brain and new metastasis at post-treatment are three independent predictive factors for resistance (P = 0.008, 0.016 and 0.028, respectively) ( Table 3) . Whereas, data of the newly diagnosed patients showed that only EGFR plasma test was identified as the independent factor, HR = 5.21 (P = 0.014). This might be due to the limited sample size of the group. The predictive power of EGFR plasma mutation test and new metastasis factor were confirmed by the BMA statistical analysis as factors in the best model for resistance (Bayesian information criterion value was − 15.8). The probability that the EGFR plasma test associated with the resistance risk was 100% (Fig. 4) . This value of new metastasis factor was 95%.
Overall survival between groups and prognostic factors
As of July 2018, 33 patients died after progression while 22 resistant cases were lost to follow-up. Eleven cases were continued with TKI treatment or changed to chemotherapy, radiotherapy. Median OS for all patients was 29.5, 95% CI 25.2-41.3 months. The median OS between groups of EGFR mutations and clinical characteristics were estimated and presented in Table 4 . By the univariate analyses, patients with EGFR positive plasma at baseline and post-treatment have the shorter OS (18.3 and 25.2 months, respectively) compared to those of negative group (not reached), HR = 8.18
(P < 0.001) and 2.66 (P = 0.031), respectively (Fig. 5a,  b) . Notwithstanding, the role of plasma-based secondary T790M mutation in prognosis for OS was not clear (25.8 months in positive versus 29.5 months in negative patients) (Fig. 5c, d) . Patients who have the distant metastases to the bone at baseline (P = 0.011, Fig. 5e ) and posttreatment (P = 0.003, Fig. 7a ), the new lesion (P < 0.001, Fig. 6c ) or brain metastasis at post-treatment (P = 0.032, Fig. 6e ) have the shorter OS compared to others. Otherwise, surgery before TKI treatment help to prolong the OS time in NSCLC (not reached versus 28.6 months in TKI + chemo-/radiotherapy and 25.2 months in TKI alone) (P = 0.016). This difference was observed in all patients as well as in the newly diagnosed group (Fig. 6a,  b) . The high level of cfDNA concentration was closely associated with the worse survival (P = 0.019) which was regenerated by the limited data of the newly diagnosed group (P = 0.003) (Fig. 7c, d ). Liver metastasis after treatment also was an inferior prognostic factor for OS (23.8 In the multivariate analysis, five factors were recognized as the independent prognostic factors for OS including EGFR plasma and bone metastasis at baseline, treatment method, new metastasis site and cfDNA (P = 0.044, 0.012, 0.012, 0.003 and 0.004, respectively) ( Table 5 ). The BMA analysis demonstrated that the detected EGFR mutations in baseline plasma and new lesion factor (probability of 99.7% and 93.2%, respectively) are strongly linked to the poor survival (Fig. 8) . The possibility that treatment method, cfDNA, and bone metastasis at baseline affect the survival are 83.5%, 73.4%, and 68.1%, respectively.
Discussion
To date, although plasma sample cannot replace the tumor tissue in EGFR mutation testing, it contains cfDNA derived from different tumor locations, and thus seem to be more effective than tissue in reflecting the gene alterations during targeted treatment. This is very helpful for further clinical decisions.
In this study, we monitored EGFR mutations in serial plasma samples of Adenocarcinoma patients treated with EGFR TKI and shown a negative result of patients who still archived partial response or stable disease. In conversely, most resistant patients (86.4%) were positive for EGFR mutations. Besides the initial mutation type as E19del or L858R only, almost half of the resistant patients (48.5%) carried the secondary T790M mutation in plasma sample which is consistent with results of previous studies (21-53%) [8-19, 21, 31] . This indicates that EGFR, especially T790M mutation can be detected with high frequency in plasma by scorpions ARMS method, which is the basis for switching to the subsequent treatment such as Osimertinib for patients. Interestingly, onefourth of resistant patients have the recurrence of EGFR mutations prior to progression 2.1 months (from 0.6 up to 7.9 months). This was just demonstrated in a few studies before [11, 14, 15, 21] . In clinical practice, the rapidly changing to the new treatment methods once detected EGFR mutations early is very important and beneficial, especially for old patients or whom with severe symptoms. The previous clinically-experimental studies have shown that the maintenance of positive status of EGFR mutations in plasma after 4 weeks to 3 months of TKI treatment is the hallmark of early resistance [13, 21, 28, 29] . In the present work, we recorded that four factors, including EGFR mutations, T790M mutation, brain, and new metastasis after treatment are prognostic factors for worse PFS. The association of positive status of EGFR in post-treatment plasma with inferior PFS is consistent with previous findings [13, 17, 21, 28, 29] . When assessing the role of EGFR plasma test and T790M mutation in correlation with clinical characteristics at prior and after TKI treatment as confounders, we did note that not T790M mutation, EGFR mutations in general with new metastasis and brain metastasis factors are independent prognostic factors for the shortening of PFS or early resistance. Of which, EGFR mutations and new metastasis factor which is a criterion of the RECIST evaluation standard contributed to the best model for resistance. This finding is different from the result of the previous study [19] . We assume that the presence of EGFR plasma test as a covariate in the prediction model effects on the possibility that T790M mutation is an independent prognostic factor or not. It is easy to see that secondary T790M mutation often appears together with the E19del or L858R mutation. Besides, the prognostic models might be affected by the presence of more clinical characteristics. The probability of 100% that EGFR plasma test associated with the resistance, suggesting that this factor might be more important than new metastasis factor (possibility of 95%) and other RECIST criteria in predicting the drug resistance. In this study, four worse prognostic factors (pre-treatment EGFR plasma and bone metastasis, new lesion, and high cfDNA concentration) with one favorable factor (surgery) were identified as the best model for overall survival. All factors in this model were significant in a small sample size of the newly diagnosed group as well. The positive status of EGFR plasma at pre-and post-treatment as the worse factor is in accordance with previous studies [14, 15, 21, 28] . Notably, the baseline EGFR plasma plays the role as the most powerful factor among five independent factors for survival (possibility of 99.7%). This is consistent with the study of Kim et al. [21] (baseline EGFR plasma plays the role as the independent factor for worse OS), but different with two other studies (T790M mutation is the independent factor for OS) [15, 19] . A similar point between these two studies is that EGFR plasma, in general, was not considered as a covariate in prognostic models which is different with our study. Whereas, in current work, we use the BMA statistical analysis to identify the significant factors (Zheng et al. used the backward stepwise selection process by Akaike information criterion value). These might be the causes of different results between our study and two above studies.
This study evaluates the prognostic role of EGFR plasma test in correlation with clinical factors at preand post-treatment, however, has limitations of a single center study. Smoking history was not sufficient for all study subjects, so that has not been a co-variable in prognostic models. This has been proposed by previous studies for considering in TKI treatment evaluation [32] . A further research which includes clinical factors with smoking variable should be conducted for assessing the prognostic role of EGFR plasma test in NSCLC.
In conclusion, the negative status of EGFR mutations in plasma of post-TKI treatment may help to predict 
